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Richard D. Mainwaring, MD, and Frank L. Hanley, MDCorrected transposition of the great arteries is a relativelyuncommon form of congenital heart defect, accounting
for approximately 1% of all patients in this cohort. The natural
history of this entity has been well documented, with an
average life expectancy of approximately 25 years. However,
the untreated clinical course is highly variable and is
dependent on numerous important factors. These prognostic
factors include the presence or absence of a ventricular septal
defect, the degree of pulmonary stenosis, the long-term
function of the systemic ventricle (which in corrected
transposition is the right ventricle), and the long-term integrity
of systemic atrioventricular valve function (which in this case is
the tricuspid valve). Patients with unfavorable characteristics
account for most deaths that occur in the ﬁrst decade or 2 of
life. Conversely, there are a small number of patients who may
live into their sixth or even seventh decade without receiving
any form of treatment. It is critical to understand this
variability in the natural history of corrected transposition to
understand the selection criteria for surgical intervention.
Approximately 75% of patients with corrected trans-
position have a ventricular septal defect in association with
pulmonary stenosis (Fig. 1). This dual combination results in
a reasonably balanced circulation (Qp:Qs close to 1) in most
patients and accounts for why most infants and children do
not require any form of intervention. A rare subgroup of
patients with corrected transposition, ventricular septal
defect, along with severe pulmonary stenosis develops
cyanosis and require placement of systemic-to-pulmonary
artery shunt, as shown in Figure 2. At the other end of the
spectrum, there are rare patients who have an absence of
pulmonary stenosis and may require placement
of a pulmonary artery band to control pulmonary blood
ﬂow.
The second major anatomical form of corrected trans-
position has an intact ventricular septum (Fig. 3), which
accounts for approximately 25% of patients. By deﬁnition,
these patients do not have either cyanosis or the
possibility of pulmonary overcirculation. However,matter r 2013 Elsevier Inc. All rights reserved.
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ventricle undergoes involution over time. Consequently,
most patients with an intact ventricular septum who are
being considered for double switch require retraining of
the ventricle through placement of a pulmonary artery
band (Fig. 4).
Many patients with corrected transposition also have
associated anatomical defects. Abnormalities of the tricuspid
valve are found in approximately one-third of patients with
corrected transposition and play an integral role in the
overall long-term prognosis. The tricuspid abnormalities
have been characterized as “Epstein-like” and predispose to
the development of insufﬁciency of the systemic atrioven-
tricular valve. Other commonly identiﬁed features associated
with corrected transposition include dextroposition of the
heart in 35%, situs inversus in 15%, complete heart block in
8%, and major aortopulmonary collaterals in 8% of the cases.
Historically, many patients with corrected transposition,
ventricular septal defect, and pulmonary stenosis were
treated surgically by closing the ventricular septal defect
and relieving the pulmonary stenosis. This effectively
separated the pulmonary and systemic circulations, albeit
with the right ventricle serving as the systemic ventricle.
Unfortunately, follow-up studies revealed a relatively poor
mid- to long-term prognosis for this strategy, with 80% of
patients developing signiﬁcant right ventricular dysfunction,
tricuspid valve regurgitation, or both by the end of 10 years.
Therefore, this “nonanatomical repair” has been viewed with
increasing skepticism in recent years.
Given the unsatisfactory results of a nonanatomical repair,
there has been a growing interest in the concept of an
“anatomical repair,” or double-switch technique.1,2 The phrase
“double switch” is really a misnomer, as the 2 anatomical forms
of corrected transposition require 2 very different surgical
procedures. Speciﬁcally, patients with a ventricular septal defect
and pulmonary stenosis would require a Rastelli approach,
whereas patients with an intact ventricular septum would
typically require an arterial switch procedure. This “anatomical”
approach was introduced more than 30 years ago and has
gained increased popularity in recent years.3,4 It is evident that
the components of a double-switch operation are considerably
more complicated than a nonanatomical repair. This increased
complexity can be justiﬁed from a risk-beneﬁt analysis as long
as it fulﬁlls 2 speciﬁc criteria: ﬁrst, the operative mortality and171
Table Scorecard of the Preparedness of a Patient for a
Double-Switch Procedure
(1) Left ventricular pressure 90% of systemic
pressure
(2) Left ventricular systolic function Ejection fraction 4
55%
(3) Left ventricular end diastolic
pressure
Less than 12 mm Hg
(4) Mitral valve function Mild or less
insufﬁciency
(5) Left ventricular mass (by MRI) 65 g/m2
MRI, magnetic resonance imaging.
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second, the long-term outcomes must demonstrate a signiﬁcant
improvement over the alternative surgical strategies or the
natural history. There is now a considerable body of literature
putting forth the merits of the double-switch procedure.5-10
The indications for a double-switch procedure are
generally the development of clinical symptoms in a
patient who has previously been followed up or who has
undergone palliative procedures. The development of
symptoms is not predictable for any given individual.
However, when patients do become symptomatic, the
etiology is invariably attributable to the development of
tricuspid insufﬁciency, development of right ventricular
dysfunction, or a combination of both. Once a patient
develops symptoms attributable to tricuspid insufﬁciency
or right ventricular dysfunction or both, the future
prognosis is quite guarded. There are few options that
would alter this downward spiral with the exception of a
double-switch procedure (or heart transplantation). The
5 criteria that we use to assess the suitability of a patient
for double-switch procedure are shown in Table. These
criteria are assessed through a combination of echocar-
diography, cardiac catheterization, and magnetic reso-
nance imaging.
Our preference has been to perform the double-switch
procedures in conjunction with a hemi-Mustard atrial
switch and bidirectional Glenn procedure.1 There are
multiple theoretic beneﬁts of the hemi-Mustard and
bidirectional Glenn approach compared with a full atrial
switch. These include the following: (1) It avoids suture
lines in the sinus node area. Data from Senning and
Mustard series demonstrate a late incidence of sinus node
dysfunction in excess of 60%. (2) Technique shortens
cross-clamp time. (3) It eliminates the possibility of
superior vena cava bafﬂe obstruction or leaks. (4) It
prolongs the longevity of the right ventricle to pulmonary
artery conduits used in the Rastelli repair. (5) It simpliﬁes
the procedure in patients with dextroposition or other
positional abnormalities.
The purpose of this Operative Techniques article is to review
the 2 “double-switch” procedures with special emphasis on
how we perform the hemi-Mustard portion of this operation.Operative Technique
The patient is brought to the operating room and placed in
the supine position. After the induction of general
anesthesia, arterial and central venous monitoring lines are
placed. We also routinely use cerebral and somatic near-
infrared spectrometry along with noninvasive pulse oxime-
try. All of our patients undergo prebypass transesophageal
echocardiography for a ﬁnal inspection of the anatomy and
physiology. The patients are then prepared and draped in
the usual sterile fashion.
A median sternotomy incision is made and the sternum is
divided with the sternal saw. A sternal retractor is placed to
facilitate exposure of the heart and great vessels. A portion of
the anterior pericardium is harvested and treated with
glutaraldehyde. Inspection of the anatomy is performed, with
special reference to the size and relationship of the 2 great
arteries and conﬁguration of the coronary artery pattern.
The patient is administered heparin, and preparations are
made for cannulation. The arterial cannula is placed high in
the ascending aorta, and separate venous cannulas are placed
in the superior and inferior vena cavae. Cardiopulmonary
bypass is then instituted, and the patient is cooled to 251C.
During cooling, a left ventricular vent catheter is placed
through the right upper pulmonary vein.
When the patient is fully cooled, the aorta is cross-
clamped and cardioplegia is initiated to achieve electro-
mechanical silence. We use cold crystalloid cardioplegia at
an initial dose of 30 mL/kg. In addition, supplemental doses
of cardioplegia are given every 20-30 minutes.
Figure 1 The most common form of corrected transposition, with associated ventricular septal defect and pulmonary stenosis. The right
ventricle is to the patient’s left, and conversely, the left ventricle is to the right. The aorta originates from the right ventricle and is
L-transposed. The pulmonary artery originates from the left ventricle. This illustration depicts pulmonary valve stenosis with a diminutive
main pulmonary artery. LV ¼ left ventricle; PA ¼ pulmonary artery; Ao ¼ aorta; RV ¼ right ventricle; VSD ¼ ventricular septal defect.
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Figure 2 Corrected transposition, ventricular septal defect, and severe pulmonary stenosis. Although rare, patients with this anatomy may
develop cyanosis and require placement of a systemic-to-pulmonary artery shunt. LV ¼ left ventricle; PA ¼ pulmonary artery; RV ¼ right
ventricle; VSD ¼ ventricular septal defect.
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Figure 3 Less common form of corrected transposition. The right ventricle is to the patient’s left, and the left ventricle to the right. The aorta
originates from the right ventricle and is anterior and to the left of the pulmonary valve. The pulmonary artery originates from the left
ventricle and is posterior and to the right of the aorta. LV ¼ left ventricle; PA ¼ pulmonary artery; Ao ¼ aorta; RV ¼ right ventricle.
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Figure 4 Patients with corrected transposition and an intact ventricular septum experience involution of the left ventricle over time. To
perform a double switch in these patients, the left ventricle must be retrained by placement of a pulmonary artery band. The illustration
demonstrates that the band is placed more distally than usual to preserve the integrity of the pulmonary valve, which would subsequently
become the neoaortic valve. PA ¼ pulmonary artery; LV ¼ left ventricle; Ao ¼ aorta; RV ¼ right ventricle.
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Figure 5 The Rastelli approach (ﬁrst ﬁgure) for corrected transposition. A right ventriculotomy has been performed, and the intracardiac anatomy is
examined. The ventricular septal defect and the aortic valve are visualized. A Dacron patch will be used to channel the blood ﬂow from the left
ventricle through the ventricular septal defect to the aortice valve. The length of the patch is measured from the bottom of the ventricular septal
defect to the far side of the aortic valve. VSD ¼ ventricular septal defect; LV ¼ left ventricle; Ao valve ¼ aortic valve.
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The Rastelli approach is used in patients with a ventricular septal
defect with pulmonary stenosis or atresia. A right ventriculotomy
is performed just below the aortic valve, and the intracardiac
anatomy is inspected. The locations of the ventricular septal
defect and aortic valve are noted (Fig. 5), and the pathway from
the left ventricle to the transposed aorta is identiﬁed. This
pathway is typically approximately 2.5 times as long as it is wide,
and the conduction system is located along the superior rim and
on the left ventricular side of the ventricular septal defect. A
Dacron patch is trimmed to the appropriate dimensions and
sutured in place with a continuous 4-0 Prolene suture (Fig. 6).
Following completion of the left ventricle to aortic valve channel
and with the cross-clamp still on, attention is directed to the
hemi-Mustard portion of the procedure.Description of the Arterial Switch Approach
The arterial switch procedure is used in patients with an intact
ventricular septum. The aorta is transected just above the levelof the sinotubular junction. The pulmonary artery is also
transected at a comparable height. The pulmonary valve is sized
and inspected for any anatomical abnormalities. The coronary
arteries are inspected from an external viewpoint and probed
internally to conﬁrm this course. In the illustrated example for
this case, the coronary arteries are shown in the most frequently
encountered pattern, with the ostia in the 2 facing sinuses. This
pattern accounts for approximately 80% of cases. Other less
frequently encountered coronary patterns include the circum-
ﬂex artery originating from the right coronary (10%), a single
coronary artery (5%), and the right or left artery originating
from the nonfacing sinus (5%). The 2 coronary buttons are
harvested, with a generous button of tissue excised from the
sinus of Valsalva. The coronary buttons are then reimplanted in
the neoaortic root with 7-0 Prolene suture. The pulmonary
arteries are moved anterior to the aorta (LeCompte maneuver).
The proximal neoaorta is sutured to the distal aorta to complete
this portion of the operation (Fig. 7). Following completion of
the arterial switch and with the aortic cross-clamp still in place,
attention is turned to the hemi-Mustard procedure.
Figure 6 Rastelli procedure (second ﬁgure). The Dacron patch is sutured in place to channel the left ventricle to aortic valve. Note that the
diminutive native main pulmonary artery has been divided and the proximal end oversewn. LV ¼ left ventricle; AoV ¼ aortic valve.
R.D. Mainwaring and F.L. Hanley178
Figure 7 Arterial switch procedure (ﬁrst ﬁgure). The aorta and pulmonary artery are divided at the same level. The coronary artery pattern is
examined on the epicardial surface. This illustration demonstrates the most commonly encountered pattern. The left main artery originates in
the right facing sinus and divides into the left anterior descending and circumﬂex coronary arteries. The left anterior descending marks the
position of the interventricular septum, which is in more of an anterior-posterior alignment than in a D-looped heart. The right coronary
artery originates from the left facing sinus and is seen traversing along the right atrial-right ventricular groove. The coronary artery buttons are
harvested with a generous button of tissue excised from the 2 sinuses of Valsalva. The branch pulmonary arteries have been moved anterior to
the aorta (LeCompte maneuver) before reconstruction of the proximal neoaorta. CX ¼ circumﬂex; Ao ¼ aorta; PA ¼ pulmonary artery;
LAD ¼ left anterior descending.
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Figure 8 The hemi-Mustard procedure (ﬁrst ﬁgure). A right atriotomy is performed, and the intra-atrial anatomy is inspected. The atrial
septum is shown to be intact in this illustration. Moreover, demonstrated are the location of the coronary sinus and the anteriorly located
mitral valve. MV ¼ mitral valve; CS ¼ coronary sinus.
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The next step is to perform the hemi-Mustard portion of
the operation. A right atriotomy is performed, and the
intra-atrial anatomy is inspected (Fig. 8). The septum
primum is completely excised as illustrated in Figure 9. The
base of the septum primum is re-endothelialized with ﬁne
polypropylene suture. The superior margin of the atrial
septal defect is also incised and re-endothelialized to extend
the maximal width of the interatrial communication. The
coronary sinus is cut back into the left atrium, as shown in
Figure 10. Figure 11 demonstrates a conceptual 3-
dimensional view of the pathway from the inferior vena
cava to the tricuspid valve demonstrating the key issue that
the narrowest point is the “waist” at the plane of the
interatrial communication. This waist is minimized byextending these incisions as shown in Figures 9 and 10.
These preparatory incisions and a view of the 4 pulmonary
veins and tricuspid valve are shown in Figure 12. We use a
circular Goretex patch (W. L. Gore & Associates, Inc,
Flagstaff, AZ) for the hemi-Mustard patch. The dimensions
of this patch are measured from the lateral edge of the
atrium at the entrance of the inferior vena cava to the
annulus of the tricuspid valve (Fig. 13). The hemi-Mustard
patch is sutured in place with continuous 4-0 Prolene
suture (Ethicon, Inc, Somerville, NJ). Adequate width of
this channel is achieved by following the line deﬁned by the
left and right pulmonary veins superiorly and traversing the
cutback in the coronary sinus inferiorly. The completed
hemi-Mustard patch is illustrated in Figure 14. This patch
should form a ridge along the axis extending from the
Figure 9 Hemi-Mustard procedure (second ﬁgure). The septum primum is being excised. A forceps grasps the atrial ﬂap of tissue and is used
to place tension in the superior direction. It is important to extend this inferior excision below the level of the septum primum to maximize
the space for the hemi-Mustard bafﬂe.
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atriotomy must be closed before removal of the cross-
clamp, as this serves as the outer wall for the pulmonary
venous blood to reach the mitral valve. The atriotomy can
usually be closed primarily, but on occasion, this is
augmented with a pericardial patch. At this point in the
operation, the aortic cross-clamp is released and
rewarming is commenced. Reconstruction of the pulmo-
nary arteries and creation of the bidirectional Glenn are
typically performed during the rewarming phase of the
operation.Reconstruction of the Pulmonary Arteries
The next step is to reconstruct the right ventricular outﬂow
tract. This reconstruction is different depending on whether
the patient had a Rastelli or arterial switch procedure. For
patients who had a Rastelli, the right ventricular outﬂow
tract is reconstructed with a homograft from the right
ventriculotomy to the branch pulmonary arteries. The
conduit may pass to the left or the right of the aorta
depending on the orientation of the great arteries and
position of the heart. For patients who had an arterial switch,
the 2 sinuses of Valsalva (where the coronary buttons were
Figure 10 Hemi-Mustard procedure (third ﬁgure). The inferior atrial excision site is re-epithelialized with ﬁne interrupted sutures. The superior
incision at the dome of the atrium is also extended with a V-shaped cut followed by re-epithelialization. Finally, the coronary sinus is cut back
into the “neo–right atrium” by incising the tissue between the coronary sinus and atrial wall.
Figure 11 Conceptual image of the 3-dimensional space between the inferior vena cava and the tricuspid valve. The narrowest dimension is
located in the midportion of the pathway, where the patch will traverse the site of atrial excision. This “waist” can be minimized by extending
the atrial excision both inferiorly and superiorly. (Color version of ﬁgure is available at www.optechtcs.com.)
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Figure 12 Hemi-Mustard procedure (fourth ﬁgure). A retractor is shown pulling on the atrial septum to fully expose the position of the
4 pulmonary veins and location of the tricuspid valve.
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Figure 13 Hemi-Mustard procedure (ﬁfth ﬁgure). This illustration demonstrates the measurements for sizing the hemi-Mustard patch, which
will redirect blood ﬂow from the inferior vena cava to the tricuspid valve. This dimension is taken from the lateral aspect of the atrium at the
entrance of the inferior vena cava to the anterior-most aspect of the tricuspid valve. The Goretex patch is fashioned into a circular shape with
this diameter. TV ¼ tricuspid valve; IVC ¼ inferior vena cava.
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Figure 14 Hemi-Mustard procedure (sixth ﬁgure). The superior edge of the hemi-Mustard suture line is started along the top of the tricuspid
valve annulus. The suture line then follows the lower edge of the left and right inferior pulmonary veins. Inferiorly, the suture line continues
over the inferior vena cava oriﬁce. The suture line is completed by following the V-shaped cut in the coronary sinus back to the tricuspid
annulus. The contour of the patch should form a ridge along the axis from the inferior vena cava to tricuspid valve.
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Figure 15 The superior vena cava is divided and sutured to the right pulmonary artery to complete the bidirectional Glenn. SVC ¼ superior
vena cava; RPA ¼ right pulmonary artery.
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Figure 16 Completed arterial switch repair with hemi-Mustard and bidirectional Glenn approach.
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Figure 17 Completed Rastelli procedure with hemi-Mustard and bidirectional Glenn approach. RV ¼ right ventricle.
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Hemi-Mustard 189harvested) are reconstructed with autologous pericardium.
The proximal neopulmonary artery is then anastomosed to
the branch pulmonary arteries, which are now anterior to
the aorta.
Construction of the Bidirectional Glenn
Attention is now directed to the bidirectional Glenn
procedure. The superior vena cava is divided, and the atrial
side is oversewn with 5-0 Prolene suture (Fig. 15). The
connection of the superior vena cava to right pulmonary artery
is then completed. Figures 16 and 17 demonstrate, respec-
tively, the completed arterial switch and Rastelli procedure
with hemi-Mustard and bidirectional Glenn approach.
The patient is weaned from cardiopulmonary bypass, and
the postoperative transesophageal echocardiography is
performed to evaluate the integrity of the repair. We
routinely place a left atrial transthoracic line to monitor this
pressure for the ﬁrst 24 hours postoperatively. In addition,
temporary atrial and ventricular pacing wires are always
placed before closure of the sternotomy incision.Discussion
Our surgical experience with the double-switch procedure
encompasses a span of nearly 20 years. During this period,
we have performed the double-switch procedure in 75
patients. The Rastelli approach was used in 41 patients, and
the arterial switch was used in 34 patients. The hemi-
Mustard and bidirectional Glenn strategy was used in 56 of
these 75 patients.
There have been 2 (3%) operative deaths in this cohort of
75 patients undergoing the double-switch procedure. There
have been no late deaths or patients requiring heart
transplantation. The median duration of follow-up is now
90 months. Of the 73 survivors, 69 are in New York Heart
Association class 1.
In the 56 patients who underwent a hemi-Mustard and
bidirectional Glenn procedure, there has been no evidence
of bafﬂes leaks or obstruction of the venous pathway.
In addition, we have not observed any sinus node
dysfunction. We had 1 patient who experienced atrial
tachyarrhythmias and required ablation, and 1 young
infant who required takedown of the bidirectional Glenn
secondary to unremitting chylothorax. These data suggest
that the hemi-Mustard approach does obviate many of the
long-term problems associated with a full atrial switch
procedure.
There is also good evidence that incorporation of the
hemi-Mustard and bidirectional Glenn strategy results in
signiﬁcant prolongation of the right ventricle to pulmonary
artery conduit. Patients with a hemi-Mustard had a 100%
freedom from reoperation at 5 and 10 years, compared with
75% and 50% at 5 and 10 years, respectively, for patients
with a full atrial switch. These data support the hypothesis
that the hemi-Mustard and bidirectional Glenn approach
would decrease the number of conduit reinterventions
required in this patient population.
We have performed a double-switch procedure in 5 asymp-
tomatic infants with corrected transposition and intact
ventricular septum in recent years. This preemptive approachwas employed to intercede with the natural history of the
disease. It is evident that patients with an intact ventricular
septum will gradually experience involution of the left ventricle.
Those patients who subsequently develop symptoms of heart
failure, and in whom a double-switch approach is contem-
plated, require retraining of the left ventricle through sequential
pulmonary artery banding. The process of retraining the
involuted left ventricle is not uniformly successful, and thus not
all patients eventually are able to complete the process of a
double switch. By performing a double switch in infancy, one
does not permit the left ventricle to involute, and it obviates the
need for left ventricular retraining. We would acknowledge that
this preemptive strategy of performing a double switch in
asymptomatic infants is 1 of the many controversial areas in the
overall double-switch strategy.
In conclusion, the double-switch procedure has provided
an important therapeutic option for patients with corrected
transposition. Current indications for this procedure include
patients who have developed symptoms attributable to
tricuspid regurgitation or right ventricular dysfunction or
both. We anticipate that these indications would be
expanded in the future to include some speciﬁc subgroups
of asymptomatic patientsAcknowledgment
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